[1] The balance between erosion-induced soil carbon loss and the reduction in heterotrophic respiration caused by carbon removal in semiarid ecosystems that suffer from severe soil erosion is still largely uncertain. In this paper, we revised and applied a simulation model to analyze responses of ecosystem processes in the crop-pasture belt region of northern China to impacts of soil erosion and climate shift. The revised model includes a new module that calculates runoff-induced soil erosion and soil carbon and nutrient losses. The model was validated against long-term field observations on plant productivity at several sites, and sediment yields of experiments with various vegetation covers and slopes. Simulation with historical climate data without considering erosion showed that the average net primary productivity (NPP), heterotrophic respiration (RHE), agricultural harvest (HAV), and net ecosystem carbon balance (NECB) were 210.1 ± 26.9, 169.8 ± 7.7, 35.9 ± 4.1, and 4.4 ± 22.5 gC m À2 a
Introduction
[2] Long-term regional carbon balance subjected to heavy anthropogenic disturbances has been a concern and challenge for both global change research and regional ecosystem management because of the difficulties in quantification of interplay between climatic changes and managerial disturbance related to agricultural production [Chapin et al., 2002; Murty et al., 2002; Brody, 2003; Ludwig et al., 2005] . In particular, great uncertainties exist about quantitative impacts of large-scale erosion-induced loss in soil organic carbon (SOC) on net ecosystem carbon balance, as reported in a large volume of literature [e.g., Bajracharya et al., 2000; Lal, 2000 Lal, , 2002b Houghton, 2003b; Jacinthe et al., 2004; Lal, 2004] . Soil erosion has been known to directly reduce the soil carbon pool by transferring carbon laterally to aquatic systems, by deposing carbon in small lowland areas, and by increasing carbon oxidation and soil efflux [Smith et al., 2005] . Erosion has also been shown to decrease soil nutrient content, degrade soil structure, and cause a reduction in net primary production [Tan et al., 2005] . Heterotrophic respiration of regional ecosystems can also be significantly altered by severe soil erosion, because erosion tends to reduce the substrates of heterotrophic respiration, to change soil texture and structure, and thus to modify soil microbe activities [Parton et al., 1987; Murty et al., 2002] . The net effect of soil erosion on the regional carbon budget depends on many factors including climate and managerial activities [Lal, 2000 [Lal, , 2002a Houghton, 2003a; Liu et al., 2003] .
[3] Optimal land use planning and management necessitate comprehensive understanding of the coupling between dynamic soil carbon budget and other terrestrial ecosystem processes. Rational land use planning is especially important for China, due to its dense population and heavy pressure brought about by the demands for rapid economic development Li et al., 2003; Gao et al., 2004b] . The issue is even more pressing for the crop-pasture transition regions in northern China, because such areas are in general more sensitive to natural and anthropogenic driving forces, thus are often frontiers for combating desertification.
[4] The crop-pasture transition belt in northern China (CCPB) lies within the geographical ranges between 34.7 and 48.6°N and between 100.8 and 124.8°E, with a total area of 725,527.9 km À2 (Figure 1 ). The long axis of CCPB runs from the northeast verge of the Tibet Plateau, crossing the Loess Plateau, the Yellow River basin, the Mongolia Plateau, and ends in the Northeast Plain. The region includes 205 counties/cities in 10 provinces, and has a population of approximately 60 million. Ecosystems in the region are under a typical continental monsoon climate with the precipitation gradient approximately perpendicular to the long axis. Annual precipitation decreases from approximately 580 mm in the Southeast to less than 200 mm in the Northwest. Annual mean temperature decreases from 14.0°C in the South to less than À1.0°C in the North (1959 -2001) . Vegetation patterns largely correlate with precipitation and temperature, with a small portion of coniferous forests in the cold North and mountains, deciduous broadleaf forests in the Southeast and North, large portions of shrubs and grasses on the northwest side of the dry plateaus, and croplands distributed mostly in the middle and the southeast regions. The area has been undergoing severe soil erosion, degradation, and desertification because of the changing climate, inappropriate land use, and overgrazing by livestock. Planning and implementation of ecosystem restoration programs have to be guided by the correct understanding of regional ecosystem processes including soil erosion and quantitative responses of these processes to changes in climate in the past and future.
[5] Process-based ecosystem models have been developed and used to analyze ecosystem responses to climate and disturbances on regional and global scales. Biogeochemical models simulate carbon, water, and nutrient cycling within ecosystems [Raich et al., 1991; McGuire et al., 1992 McGuire et al., , 1993 Running, 1994; Schimel et al., 1997; Xiao et al., 1997; Peng and Apps, 1999; Cao and Li, 2000] . On the other hand, biogeography models determine ecosystem structure represented by vegetation distribution [Prentice et al., 1992; Neilson, 1995] . Development of dynamic global vegetation models (DGVM) starting in the late 1990s couples ecosystem processes with ecosystem structure [Steffen et al., 1996; Beerling et al., 1997; Peng, 2000] . Models that explicitly take into consideration erosioninduced lateral soil carbon loss in analyses of regional ecosystem carbon balance are still rare, and soil erosion has been widely studied in agricultural rather than ecological sciences. Recent efforts to bridge ecosystem carbon cycle and soil erosion processes provide examples to analyze the impacts of lateral processes on spatially heterogeneous ecosystems on landscape and regional scales [Reid et al., 1999; West and Wali, 2002; Liu et al., 2003; Van Oost et al., 2005; Izaurralde et al., 2006] .
[6] One difficulty in incorporating erosion into regional ecosystem models is that water erosion is one of the spatial processes that requires quantification of interactions among neighborhood ecosystems due to spatial heterogeneity in resource demands and ecosystem processes, which cause transfer of mass and energy across neighborhood ecosystems [Rupp et al., 2000; Weir et al., 2000; Loreau et al., 2003; Rastetter et al., 2003; Ludwig et al., 2005] . States of a local ecosystem are controlled both by processes within the system (e.g., vertical movement of soil water and nutrients, and plant growth) and by mass and energy flows across neighborhood ecosystems. Not only does a change in any local ecosystem in a heterogeneous regional mosaic affect the processes of the system itself, but also it may bring about a series of consequences in the neighborhood ecosystems including changes in hydrologic cycles, soil erosion, nutrient loss, and net primary productivity, by decreasing or increasing runoff/run-on flow, and by cutting off or connecting the pathway of spatial plant propagation Tague and Band, 2001; Tchir et al., 2004] . The elevation ranges indicate relative importance of runoff and severity of soil erosion at these sites.
[7] Simulation models have been shown to be ubiquitously scale-dependent because of the nonlinearity of various ecosystem processes [Levin, 1992; Gao et al., 2001; Rastetter et al., 2003] . Models are usually parameterized with local scales of 10 1 -10 2 m at research sites, but might have been used on regional or even global scales without considering errors associated with scaling up. Research indicates that cross-scale ecosystem modeling has a high risk of scaling errors with magnitudes comparable to, or even larger than, the values of key ecosystem variables simulated on local scales [Rastetter et al., 2003] .
[8] In this paper, we revised, scaled, and applied a regional ecosystem model to simulate net primary production and soil processes in the CCPB region with existing climate, soil, and vegetation data. The model connects local ecosystem processes of carbon assimilation, plant growth, and nutrient cycling, to lateral processes of erosion-induced soil organic carbon loss. The model was run to determine the responses of the CCPB to climatic changes from 1959 to 2001. Effects of soil erosion and climate shifts in the early 1980s on net ecosystem carbon balance (NECB) were analyzed, and the results discussed in the contexts of future global change and regional ecosystem management. We found that soil erosion did not cause significant decreases in regional net ecosystem carbon balance because of decreases in heterotrophic respiration associated with soil organic carbon removal by erosion and relatively unaltered NPP maintained by fertilization and irrigation of agricultural crop fields.
Model Description

Production, Decomposition, and Nutrient Use
[9] The revised model ( Figure 2) we used is the outgrowth of our terrestrial ecosystem simulator (TESim), which has been evolving over the past 10 years [Gao and Zhang, 1997; Gao and Yu, 1998; Gao et al., 2000; Yu et al., 2002a] . The current version of the model includes vertical hydraulic redistribution by plant roots [Caldwell et al., 1998; Ryel et al., 2002] , runoff and run-on absorption [Gao and Reynolds, 2003] , and a new module of soil erosion , in addition to simulation of carbon, water, and nitrogen flow involved in primary production. The well-known CENTURY model [Parton et al., 1987 [Parton et al., , 1988 Gobron et al., 1999] was adopted to simulate the decomposition processes. The model was implemented for patch, landscape, and regional scales with three standalone programs, TESim-P, TESim-L, and TESim-R, respectively. The main assumptions and treatments are described as follows:
[10] Vegetation in a region is grouped into a number of functional types, and each functional type is partitioned into four pools of seeds, leaves, stems, and roots. Soil horizons are divided into a maximum of 8 layers with variable thickness, and total soil thickness is regarded as a spatial variable. The state variables of the model (spatially and temporally variable) include biomass and nitrogen concentration of the plant and litter pools, volumetric water contents of soil layers, mass and nitrogen contents of soil organic matter, and available soil nitrogen concentration. The model has a time step of one day. The spatial resolution, however, is allowed to vary with the extent of applications. TESim-P is a patch-scale model without spatial variation and is mainly used in model parameterization and validation at site scales; TESim-L is designed for application at landscape scales with areas less than or approximately 10 km
À2
, and is ideal for small watershed analyses. TESim-R, however, is intended for application at regional and continental scales with spatially variable at- mospheric climates. Scaling up from site studies to regional applications may be achieved by controlling points in the region that were analyzed with TESim-L or TESim-P in fine scales [Rastetter et al., 2003] .
[11] Carbon assimilation was modeled by using leaf models by Thornley and Johnson [1990] for C 3 and C 4 species with modification by Gao et al. [2004a] , because the leaf models showed stronger coupling with stomatal conductance than the well-known biochemical models [Berry and Farquhar, 1978; Farquhar et al., 1980] . The sensitivity of carbon assimilation to stomatal conductance is especially important for arid and semiarid ecosystems [Reynolds et al., 1993 [Reynolds et al., , 1999a . The net carbon assimilation (mmol m À2 s À1 ) for plants with C 3 carbon pathway (all natural functional types), A n3 , is defined by the following equation
in which
where P a is air pressure (kPa), I p is light intensity (mmol m À2 s
À1
), C a and O a are CO 2 and O 2 pressures on plant leaf surface (kPa), respectively, g sc and g so are stomatal conductance for CO 2 and O 2 (mmol m
), a p is photon efficiency (mol mol À1 ). Parameters a p and g x are considered to depend on leaf nitrogen content and temperature in the way formulated by Medlyn et al. [1999] . Dark respiration R d is an exponential function of temperature.
[12] For crops (mainly maize) with a C 4 carbon pathway, the net leaf assimilation, A n4 , is calculated by the following equation
in which,
where g t is the coefficient of transporting CO 2 from mesophyll cells to bundle sheath, which is also assumed to have the same temperature and nitrogen dependence as g x for C 3 species. The limitation of transporting capacity of assimilated products from leaf to other organs [Collatz et al., 1992] is not considered in the models from (1) through (9).
[13] The stomatal conductance is modeled by Gao et al. [2002a Gao et al. [ , 2005 . The model calculates stomatal conductance (g s ) as an increasing function of incidental light intensity, and a decreasing function of vapor pressure deficit (V pd ), leaf CO 2 concentration, and soil water potential (y s ). In particular,
where D v is the relative vapor pressure deficit, i.e., leaf vapor pressure deficit (V pd ) divided by air pressure (P a 
sensitivity of g s to changes in vapor pressure deficit at C a = C 0
and sensitivity of g s to changes in soil water potential
[14] The leaf assimilation is scaled to canopy by considering light attenuation by leaf shading at different leaf depths from the top to the bottom of the canopy. Thus, daily canopy assimilation is
where A NC is the daily assimilation (gC m À2 d
), A n is A n3 or A n4 for C 3 or C 4 plants, respectively, L and LAI are the dummy and true leaf area indices, respectively, t is time, c is a factor for unit conversion, and y is a calibration factor, and t-day-start and t-day-end specify the starting and ending time of the day.
[15] Daily net primary productivity, NPP, is calculated as
where R RS is respiration of root and stems. R RS depends on temperature exponentially in the same way as leaf respiration R d .
[16] TESim uses a simplified version of the CENTURY model [Parton et al., 1987 [Parton et al., , 1988 Gobron et al., 1999] to simulate litter and SOM dynamics, with modification to include the recent research on soil biogeochemistry [Lomander et al., 1998a [Lomander et al., , 1998b , so that heterotrophic respiration (RHE, gC m À2 a
) is calculated as carbon release from decomposition and mineralization of litter and SOM,
where D dec is a decomposition function of soil temperature and soil water content, L LitS is the lignin content in structural litter; C LitS and C LitM are structural and metabolic litter carbons, respectively (gC m À2 ); C SOS and C SOA are carbon contents in slow and active soil organic matter, respectively (gC kg (soil)
and K SOS are constant decomposition parameters; Z N is the mean depth of soil containing litter and organic matter (0.4 m assumed in this study); D bulk is the bulk density of soil, and the factor of 1000 Z N D bulk is used for unit conversion purposes.
[17] In contrast to the conventional definition of net ecosystem production (NEP) as NPP minus RHE, net ecosystem carbon balance (NECB) is calculated as [Chapin et al., 2006] 
where HAV is the carbon loss due to crop harvests at the end of the growth season, and ECL is erosion-induced lateral soil carbon loss, which is computed as the water erosion rate multiplied by SOM concentration and an enrichment factor [Starr et al., 2000] .
[18] Nitrogen uptake by plants was considered an increasing function of whole-body plant nitrogen deficit, fine root biomass, daily carbon assimilation, and available soil nitrogen content. Carbon and nitrogen allocated to these pools were considered controlled by plant phenology, leaf water potential, and organ/component nitrogen deficit. Littering of root and stems was assumed to be a result of natural senescence. Leaf loss, however, was controlled by natural senescence, minimum temperature, and maximum accumulated growth temperature. Symbolic nitrogen fixation was handled in a similar way as that of Kemp et al. [1997] and Yu et al. [2002b] . The reduction of soil nitrogen (both organic and available) by soil erosion was modeled as the amount of sediment yield multiplied by the concentrations of respective nitrogen forms and an enrichment factor.
Soil Water, Runoff-Run-on Flow, and Soil Erosion
[19] Vertical soil water movement is driven by precipitation events, surface evaporation, plant transpiration, gradient of soil water potential, and hydraulic redistribution by roots [Caldwell and Richards, 1989; Caldwell et al., 1998; Ryel et al., 2002] . Runoff, including both surface and subsurface draining flows, is generated when daily rainfall is greater than the field capacity of a calculated average penetrable soil depth, redistributed to and possibly reabsorbed in down slope. (Reabsorption is only calculated in TESim-L.) Discrete pixel-based calculation of run-on flow is formulated as the following [Weltz and Blackburn, 1995; Naeth and Chanasyk, 1996; Kemp et al., 1997; Gao et al., 2002a; Gao and Reynolds, 2003] :
where R off (i) is the runoff flow generated at pixel i, F on (i ! j) is the flow of runoff from pixel i to j. z of i, j, and k is the elevation of pixels i, j, and k, respectively. D ij is the spatial distance between the centers of pixels i and j. Equation (21) partitions runoff flow from a pixel to 4 lower neighborhood pixels with steepness of slope as the distribution weights. By definition, the calculation of F on (i ! j) requires recursive computation. Soil water erosion (E water ) is computed based on a published model , modified to use fine root biomass instead of a remote sensing vegetation index to represent the effects of vegetation on water erosion:
where E water is daily erosion by runoff (gSoil m
) depending on surface vegetation cover type; C s is a parameter indicating the difference in erodibility contributed by factors other than vegetation. g is slope angle in radiance. R ON is amount of lateral flow (total runoff passing though a grid cell) (cm d À1 ), and constant R ONC was set to 1.33 cm d
À1
. # is a constant (22) calculates soil erosion as an increasing function of slope, lateral flow, but a decreasing function of fine root biomass. The effect of slope length is included in R ON because longer slopes result in more accumulated flow. The model is not able to describe severe gully erosion that happens episodically in the south portion of the Loess Plateau. However, the large amount of sediment yield with these gully erosion events usually contains a great portion of deep soils with little SOC, and thus contributes little to ecosystem carbon budget.
Irrigation, Fertilization, and Crop Harvest
[21] To simplify the analysis, crops in irrigated land (denoted by the land use map in addition to the vegetation map) are irrigated whenever soil water content is lower than 80% of the field capacity. Irrigation was applied in the model simply by elevating moisture to the field capacity of the soil. Other effects of irrigation were not considered in this version of the model. All crop sites are chemically fertilized within the growth season to the typical available nitrogen level based on field observations. Because this study represents the case with idealized irrigation and fertilization, it may lead to overestimation of cropland production. Harvest of crops is done by removal of all living aboveground biomass from the field at the end of the growing season. With the senescence before harvest, the current harvest design results in approximately half of production returned to crop fields as litter.
Driving, Input, and Output of the Model
[22] The model is driven by daily climate variables including precipitation, minimum and maximum temperatures, daily mean wind speed, and daily mean relative humidity. Although TESim-P and TESim-L use data from one single meteorological station, TESim-R does require daily weather data from multiple stations to interpolate the meteorological variables for each grid cell. Spatial data required by TESim-L and TESim-R include category maps of vegetation, soil, land use, and the geographic relief map of the interested landscape or region. Soil clay and silt fractions, parameters that characterize stomatal dynamics and photosynthesis, specific leaf area (SLA) and leaf phenology, carbon, lignin, and nitrogen contents, natural and temperature-dependent senescence of plant pools, harvesting time, amount and frequency, and irrigation time and rate, are the basic parameters used in the model. The model outputs soil water contents in different layers, soil organic matter and available nitrogen content, total soil carbon storage, plant carbon storage and nitrogen concentrations, net primary productivity, heterotrophic respiration, soil erosion and erosion-induced carbon loss, and net ecosystem carbon balance.
Applications of TESim to CCPB
Data Collection and Model Testing at Site Scales
[23] To apply TESim to CCPB, we set a spatial resolution of 1/12 degree latitude and 1/12 degree longitude, resulting in an approximate linear resolution of 8 km. The range of CCPB was divided into 164 rows, 286 columns, and 11140 land grid cells (pixels). The spatial data we used for this application include 1:1M vegetation map, 1-km DEM of China with derived slope and aspect maps at the same resolution, and a 1:1M soil map, all converted to grids of the 8 km resolution by the resampling technique in ArcGIS9.0 (ESRI, USA). Daily weather records of 149 meteorological stations from January 1, 1959 to December 31, 2001 were interpolated into the same spatial resolution to drive the model. Air CO 2 pressure was assumed to follow Keeling and Whorf (2002) with spatial variations to take into account the decreased pressure with topographical elevation.
[24] Vegetation in CCPB is grouped into 7 functional types (FT) including forests (FOR), deciduous shrubs (SHB), deciduous sandy shrubs and subshrubs (SSB), meadow steppes (MDS), typical steppes (STP), desert steppes (DST), and agricultural crops (CRP), based on the 1:1 million vegetation maps of China (Table 1 , and Figure 6 later). The FOR FT is a combination of mostly small leaved deciduous trees (birches and poplars), typical deciduous broadleaf trees (oaks), and a small portion of coniferous trees (mostly pines). We grouped all these forest types into one FT to minimize the distraction from our main interests in relationship to grasses, shrubs, and crops in the CCPB region.
[25] Leaf physiological (stomata and photosynthesis) parameters were obtained using nonlinear least square fitting of the stomatal and photosynthesis models to the data of diurnal leaf gas exchange data of dominant species in each FT measured in the field with a portable photosynthesis system (model LI-6400, LiCor, Inc., Lincoln, NE, USA). Physiological models (photosynthesis and stomatal conductance) were published in Gao et al. [2002b Gao et al. [ , 2004a Gao et al. [ , 2005 . Plant carbon and nitrogen contents are measured in the laboratory with an element analyzer (Model EA 2400 II, PerkinElemer Inc., Shanghai), and are used to parameterize the relationship between photosynthesis rates and nitrogen concentrations of leaves. These physiological parameters of dominant species were used to represent the ecophysiological characteristics of the corresponding functional types. Parameters of net primary productivity, carbon partition, and plant morphology parameters were mostly determined in Gao and Zhang [1997] , Gao and Yu [1998] , and Gao et al. [2000] and are adjusted for this application based on field-observed long-term NPP data (Table 2, and Figure 3 later). Crop FT is treated as an annual plant with small root (15) and (16)) are evaluated at I p = 0, y s = 0, and V pd = 1 kPa, with P a = 101.3 kPa.
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biomass and is assumed to have approximately the same NPP as meadow steppes. Soil texture (clay and silt fractions) and nutrients were obtained from the China soil horizon data book [National Soil Survey, 1996] . Soil hydraulic properties are calculated from the clay fraction [Campbell et al., 1993] . Litter and SOM decomposition also used clay and silt fractions as parameters.
[26] To test the processes of primary production and biomass dynamics in TESim, TESim-P was run for eleven sites with long-term observations on biomass and productivity within or nearby the CCPB region (Figure 1) , with time spans varying from 4 to 27 years [Ma et al., 1990; Xiao, 1990; Liu, 1993; Liu and Xun, 1993; Xing and Lu, 1993; Chen et al., 1996; Hou, 1997; Yuan and Li, 2001] . Weather data from meteorological stations closest to these sites were used to drive the model. Soil and land use information was found from the 1:1M soil and land use maps. The water erosion model (equation (22)) was run for the observed sediment yield data in several water erosion experiments with various combinations of vegetation cover, fine root biomass, and slope angles, at the Loess Plateau, an area with the most severe water erosion in China [Liu et al., 1990; Hou et al., 1996] . These erosion experiments were performed at plots with spatial scales of 10-100 m with various slopes and vegetation coverage. Water and sediments were collected after simulated rainfall events, together with plant fine roots sampled and measured at variable soil depths, and data are averaged over all events for each treatment combination. Parameters of the erosion model were adjusted to minimize the difference between the observed and simulated erosion rates (Table 2) .
Scaling the Soil Erosion Model to the Regional Scale
[27] Because the calculation of soil erosion strongly depends on a spatial scale (resolution of the grid), we started our spatial simulation with the landscape version of TESim (TESim-L), with erosion parameters on the site scale, to simulate ecosystem processes and soil erosion for three landscapes within CCPB (Figure 1) , and then used TESim-R, with try-on erosion parameters for regional scales, to simulate the regional carbon dynamics and erosion for the entire CCPB. The three landscapes are shown in Figure 1 . Zhifanggou, a small catchment in the south of the Loess Plateau, is a research site of the Institute of Soil and Water Conservation in the Chinese Academy of Sciences (CAS); Shihuimiao is where the Erdos Sandy Grassland Ecosystem Station of CAS is located; and Changling is a research site of the Institute of Grassland Research of the Northeast Normal University. We chose these sites because they feature heavy (Zhifanggou), moderate (Shihuimiao), and minimal (Changling) water erosion in CCPB, because long-term pertinent ecosystem research has been done at the sites, and because we have been involved in research at these sites over the past 10 years [Gao et al., 2001 [Gao et al., , 2004a [Gao et al., , 2005 . The areas of these landscapes are about 10 km 2 , much smaller than the area of 1 pixel on the regional grid. However, depending on the particular position of the landscapes within the regional grid, a landscape can traverse up to four pixels in the regional grid. To scale the ecosystem model to the regional scale, we assumed that each of the three landscapes is representative of a relatively large landmass surrounding the landscape with similar geological, climatic, and edaphic properties. This was an important guide for institutions to select their long-term study sites per se. The assumption allowed us to compare the results of the landscape simulation with those of the regional simulation. If the model at the site scales is correctly scaled to the regional scale, the spatial averages of key variables estimated by the landscape model, such as NPP and soil water erosion, should not significantly differ from those by the regional model at the regional grid cells where the landscapes are located [Rastetter et al., 2003 ]. In our cases, Zhifanggou spans two regional grid cells with different latitudes (Rows), Shihuimiao is within two regional grid cells with different longitudes (Columns); Changling, however, happens to be located within one grid cell (Table 3 ). Table 3 also shows the number of grid cells occupied by respective functional types on the regional and landscape scales for each of the three landscapes. The parameters depending on spatial scales in the soil erosion model were adjusted to make the results of the simulations on the regional scale as close as possible to those on the landscape scales (Table 2) . Here f min and f max are the minimum and maximum latitudes of, g min and g max are the minimum and maximum longitudes of, the landscape, respectively. Depending on the spatial mapping of location, a landscape can traverse 1 to 4 cells in the regional grid. The numbers of grid cells are in the parentheses following functional types. See functional type codes in Table 1 .
Simulation for the Period Between 1959 and 2001
[28] To investigate the impacts of erosion-induced soil carbon loss and climate shift on the regional carbon balance of CCPB, the parameterized, scaled model was initialized with zero litter, typical SOM and available soil nitrogen contents, and small plant biomasses, and was run for approximate equilibrium with climate data from 133 meteorological stations within and near CCPB from 1959 to 1968 for two scenarios, one of which did, and one of which did not, calculate soil erosion. The end values of the state variables of the model were used as initial values for formal simulation runs from 1959 to 2001 (with daily weather data from the same 133 stations) to obtain the response of ecosystem processes to the climate change over the 43 years.
Comparisons between the two scenarios revealed the effects of soil erosion on the regional net ecosystem carbon balance.
Results
Comparison Between Observed and Simulated Biomass and Erosion Rates
[29] Statistical analysis indicated that the model at the patch scales explained 32% to 99% of the variation in the biomass data for the 11 sites (Figure 3 ), and the model is a statistically significant descriptor of the field observations at all these sites. The water-erosion model explained 75% of the variations in the observed sediment yields measured as eroded soil mass per volume of runoff flow [Liu et al., 1990; Hou et al., 1996] . The results (Figure 4) show that the model captured the main characteristics of water erosion in the Loess Plateau so that grass-covered land surfaces (steppes) are the most resistant, crop fields and abandoned fields with forbs are the least resistant, and shrubs and planted trees are moderately resistant to water erosion.
Comparison of the Simulations of Landscape and Regional Scales
[30] The simulated spatial averages of NPP and soil erosion rates for the three landscapes on the landscape and regional scales are shown in Figure 5 and Table 3 . For most years, both simulations showed similar temporal patterns of variation (increase and decreases). However, the landscape simulations showed greater variation in NPP than did the regional simulation for Zhifanggou and Shihuimiao landscapes. The application of TESim-L at Zhifanggou in the Loess Plateau provided average NPP and soil erosion rates of 234.9 ± 57.6 gC m À2 a À1 and 7.3 ± 2.5 Gt (soil mass) km À2 a À1 , respectively, in comparison with the regionally simulated NPP of 237.9 ± 19.0 gC m À2 a
À1
and soil water erosion of 7.6 ± 4.2 Gg (soil mass) km À2 a À1 in the two regional grid cells that the landscape traverses. ) not significantly different from 0, and R 2 = 75.2%. Figure 5 . Average net primary productivity and soil erosion simulated by TESim-L at landscape scale and TESim-R at regional scale, for three landscapes of Zhifanggou, Shihuimiao, and Changling.
Statistical comparisons between the two means indicated that the two estimates did not differ significantly from each other. Past research showed that the spatial average erosion modulus of Zhifanggou varied with land use patterns from 10.5 to 7.5 Gg km À2 a À1 [Lu et al., 1997] , indicating the model worked properly for the areas of CCPB with severe water erosion. The simulated NPP of Shihuimiao on the landscape scale is larger than, but not significantly different from, that on the regional scale (59.3 vs. 49.7 gC m À2 a À1 ). The larger landscape-scale NPP was mostly because a small portion of meadow steppes in the lower area of the landscape was not properly represented in the regional vegetation grid. The difference in overall average water-induced soil erosion (1.7 vs. 1.7 Gg km À2 a
), however, is minimal. A previous study indicates that the county that includes the Shihuimiao landscape had an average water erosion rate of 1. 1 $ 1.7 Gg m À2 a À1 , which is lower than the present calculation, because the landscape is located in the eastern part of the county with higher precipitation and water erosion rates than those in the other areas of the county. The meadow steppe landscape of Changling in east CCPB has higher productivity than the two landscapes in the west, with little soil erosion simulated on both scales and reported in the literature. No significant difference in average NPP between the landscape and regional simulations was found (361.6 vs. 379.4 gC m À2 a
) for the site. In 1991, a year with average precipitation and temperature, we conducted field measurements on seasonal biomass changes of Leymus chinensis communities. Such communities have been recognized as the dominant community type within the landscape. And we found 412.5 gDM m À2 to be the maximum aboveground biomass in August [Gao et al., 1996] , in comparison with the simulated 357.8 gDM m À2 (spatially averaged over the landscape) for the year.
Impacts of Erosion-Induced Carbon Loss on Regional Carbon Balance From 1959 to 2001
[31] The simulated averaged NPP of the 7 FTs in the 43 years, shown in as the average regional NPP without and with soil water erosion considered, respectively. The largely unaltered NPP under soil erosion, in comparison with the scenario without erosion calculation, had something to do with our assumed optimal fertilization scheme which maintained available soil nutrients under severe soil erosion in the crop FT. Heterotrophic respiration is comparable in magnitude to NPP values for all FTs except the crops (CRP). NPP of the crop FT is balanced by the sum of heterotrophic respiration (RHE), agricultural crop harvest (HAV), and erosion-induced soil carbon loss (ECL). The average net ecosystem carbon balance (NECB) ranged from À10.5 gC m À2 a À1 for the forest FT (FOR) to 12.9 gC m À2 a À1 for the meadow steppe FT (MDS) without erosion calculation. The negative NECB for the forests reported in Table 4 is mostly because of the simulated decrease in NPP and rapid increases in heterotrophic respiration with the temperature after the 1980s (later). The average regional NECB calculated to 4.4 and 4.8 gC m À2 a
À1
, respectively, for the scenarios without and with soil erosion considered.
[32] The calculated average erosion-induced soil organic carbon loss (ECL) was 26.9 for the crop FT, which is equivalent to 11.0 gC m À2 a À1 for the CCPB region ( Figure 6 ). The calculated ECL values for the 'natural' ecosystems without disturbance imposed are one order of magnitude smaller than that for the crop FT, despite large soil erosion rates being calculated at some patches with little biomass within these undisturbed FTs. The high erosion SOC loss for the crop FT is mostly the result of regular irrigation and fertilization to maintain large NPP under high soil erosion rates. The large NPP in turn maintains relatively constant SOC pool with respect to soil erosion, thus represents a feedback to erosion and carbon balance. In the natural ecosystems, however, great spatial heterogeneity exists among patches within FTs. Heavy soil erosion exists in some pixels with little plant biomass and soil organic matter. Severe soil erosion caused a heavy reduction in soil organic matter and available nitrogen, thus preventing vegetation from growing normally in these pixels. On the other hand, most pixels in undisturbed FTs with plants established and growing normally had negligible soil erosion. The erosion-induced SOC loss, though small compared with that induced by plant carbon fixation (NPP), is a 4.0 ± 1.0 0.0 ± 0.0 1.3 ± 0.3 1.4 ± 0.4 1.6 ± 0.3 1.3 ± 0.3 2.2 ± 0.6 8.2 ± 2.1 ECL 11.0 ± 2.8 0.7 ± 0.2 1.3 ± 0.7 0.9 ± 0.4 0.1 ± 0.1 0.0 ± 0.1 0.1 ± 0.1 26.9 ± 6.7 HAV 35.6 ± 4.2 89.4 ± 10.3 RHE 155.3 ± 7.4 426.6 ± 13.8 254.0 ± 14.3 166.1 ± 7.7 185.2 ± 17.8 134.9 ± 10.0 75.6 ± 6.9 79.8 ± 4.4 NECB 4.8 ± 20.0 À10.5 ± 88.2 13.1 ± 40.4 3.2 ± 26.3 12.9 ± 38.9 7.5 ± 27.2 4.9 ± 15.3 2.2 ± 6.2 Difference DNPP À3.3 ± 0.7 À0.5 ± 0.2 À11.0 ± 3.6 À20.1 ± 4.3 À0.6 ± 0.2 À0.8 ± 0.2 À0.6 ± 0.2 À1.4 ± 0.1 DECL 11.0 ± 2.8 0.7 ± 0.2 1.3 ± 0.7 0.9 ± 0.4 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 27.0 ± 6.7 DHAV À0.2 ± 0.0 À0.5 ± 0.1 DRHE À14.5 ± 0.3 À1.2 ± 0.1 À10.7 ± 1.8 À20.4 ± 1.2 À0.7 ± 0.1 À0.8 ± 0.1 À0.6 ± 0.1 À29.4 ± 0.4 DNECB 0.4 ± 3.0 À0.0 ± 0.3 À1.6 ± 2.3 À0.7 ± 4.3 0.0 ± 0.2 À0.1 ± 0.2 À0.0 ± 0.2 1.7 ± 6.7 a Units are Gg km À2 a À1 for soil erosion (EWT), and gC m À2 a À1 for other variables. NPP, net primary productivity; HAV, agricultural harvest; ECL, erosion caused lateral carbon export; RHE, heterotrophic respiration. Difference = with erosion -without erosion. Standard errors indicate temporal variations. Bold numbers indicate significant differences. significant component of net ecosystem carbon balance for both natural undisturbed and managed agricultural crop systems.
[33] Erosion-induced soil organic carbon losses are balanced by the decreased heterotrophic respiration for all FTs and the whole region by direct removal of substrates for heterotrophic respiration, resulting in a statistically insignificant comparison in NECB for most FTs and the entire region between the two scenarios. In particular, large ECL in the erosion scenario even caused increases in NECB from 0.5 to 2.2 gC m À2 a À1 for the crop FT, which caused the regional NECB to increase from 4.4 to 4.8 gC m À2 a À1 . The contrast between the scenarios with and without erosion is expected to increase with agricultural land use. Hence, erosion did not decrease the regional carbon balance, but only ''converted'' about 9% of RHE to ECL and caused a reduction in NPP.
[34] Simulated averages over the 43-year period indicate that both NPP and RHE follow the pattern of rainfall distribution (Figure 7 , NPP, RHE), and prescribed ground water condition for meadow steppes FT(MDS) in north CCPB, showing that rainfall is the strongest control on plant carbon fixation in this area. Large negative values of NECB (NECB in Figure 7) were simulated in the northeast at sites of crops and in the southeast at sites of forests. Vegetation, other than crops in the northern portion of CCPB in general, contributes to large, positive NECB because of its lowtemperature limited heterotrophic respiration. Soil erosion prevented establishment of vegetation at some sites in the northwest side of CCPB and caused large differences in NPP between the scenarios with and without soil erosion for these sites. For established vegetation, the effect of soil erosion was in general slightly negative or even slightly positive in some locations (dNPP in Figure 7) . The calculated positive effects of soil erosion on NPP might be caused by the nonlinearity of ecosystems. Erosion may cause a decrease in productivity in years with high rainfall in these places; however, the decreased vegetation activities in wet years because of erosion may leave soil water for better sprouting and growth in the successive dry years. The spatial patterns of simulated SOC loss (ECL) and the effects of erosion on heterotrophic respiration (dRHE) are closely related to the distribution in agricultural crops (VEGT), and the effect of erosion-induced SOC loss on regional carbon balance is offset by the decreases in heterotrophic respiration, which results in relatively small differences in NECB between the two scenarios.
Shifts in Ecosystem Processes in the Early 1980s
[35] Temporal regional carbon balance with the calculation of soil erosion (Figure 6 ) showed that regional NPP is highly variable with time, varying from 145.5 gC m À2 a À1 in 1972 to 277.4 gC m À2 a À1 in 1998; the two years also had the minimum and maximum rainfall, respectively. Regional average NECB, also highly variable, had its minimum of À35.1 gC m À2 a À1 and maximum of 53.0 gC m À2 a À1 in the same two years. Statistically insignificant slopes of À0.06 gC m À2 a À2 and À0.7 gC m À2 a À2 were detected for the regional NPP and NECB from 1981 to 2001, respectively. The simulated regional SOC loss showed a minimum value of 5.7 gC m À2 a À1 in 1972 with lowest soil erosion, and the maximum value of 17.9 gC m À2 a À1 in 1964 with the second highest rainfall, and there has been a systematic decreasing trend in ECL over the past 43 years of simulation. Compared with NECB, NPP, and ECL, regional heterotrophic respiration seems much less variable with a minimum 145.7 and a maximum 170.7 gC m À2 a À1 .
[36] The simulated regional averages indicated that a significant shift associated with changes in climate variables occurred in ecosystem processes in the early 1980s. The interpolated average annual mean temperature (Figure 6e ) did not show a systematic increase until 1980 when it started to increase rapidly with an average slope of 0.03°C a À1 . The annual precipitation, however, also showed (Table 5 ). The largest increases of 47.4 and 35.6 gC m À2 a À1 in NPP were found for meadow steppes (MDS) and shrubs (SHB), respectively. An almost statistically significant increase in NPP was calculated for sandy shrubs (SSB) with p = 0.06, and an insignificant decrease in NPP for the forest FT (FOR) was detected. The regionally averaged NPP was also found to increase significantly by 22.1 gC m À2 a À1 . The climate shift caused significant changes in average heterotrophic respiration, which varies from À5.1 gC m À2 a À1 for the forests (FOR) to 29.9 gC m À2 a À1 for the meadow steppes (MDS), respectively. And the regional heterotrophic respiration was increased by 11.8 gC m À2 a
À1
. Carbon loss due to agricultural crop harvesting was calculated to increase by 13.1 and 5.2 gC m À2 a À1 for the crop FT and the entire region, respectively. Decreases in erosion-induced SOC loss (ECL), though not statistically significant, were found for all FTs and the regional average. The magnitudes of decreases varied from 0 gC m À2 a À1 for the forest FT to 1.1 gC m À2 a À1 for crop FT. In contrast, the climate shift brought about statistically significant increases in soil erosion for meadow steppes (MDS), and insignificant increases in soil erosion of the forests (FOR), typical steppes (STP), desert steppes (DST), and statistically insignificant decreases in erosion for the crops (CRP). The regional average soil erosion seems unchanged with the climate shift. The climate shift also caused significant increases of 17.5, 9.0 and 3.9 gC m À2 a À1 in NECB for the meadow steppes (MDS), the desert steppes (DST), and the crops (CRP), respectively, a statistically insignificant decrease of À24.6 in NECB for the forests (FOR) and statistically insignificant increases of 13.4, 5.9, and 9.7 gC m À2 a À1 for the shrubs (SHB), sandy shrubs (SSB), and typical steppes (STP), respectively, resulting in a statistically insignificant increase of 5.7 gC m À2 a À1 in the regionally averaged NECB with the climate shift.
Discussion
[37] The simulation for ecosystem carbon balance in Ohio mine lands with various initial SOC conditions [West and Wali, 2002] shows that carbon displaced by soil erosion varied from 9.2 to 93.5 gC m À2 a
À1
. Quinton et al. [2006] found that soil loss by water erosion in England and Wales was between 1.3 and 4.8 gC m À2 a
. Polyakov and Lal [2004] used the CENTURY model to simulate carbon loss by water erosion in meadow and corn-soybean rotation and found that an average soil organic carbon loss of about 40 gC m À2 a À1 for crop rotation over 35 years, and a very small rate of carbon loss was found for meadows over 15 years. It was interesting to see that in their experiments, for a given initial SOC value, the ultimate long-term carbon removed by water erosion is far from directly proportional to the soil erosion rate. When soil erosion increased 10-fold, carbon removal over 90 years increased less than 40%. These findings using experimental and modeling approaches are comparable to our simulated SOC loss by water erosion in CCPB. This study also found that soil erosion has much smaller effects on the carbon balance of undisturbed natural ecosystems than on those managed agricultural ecosystems. The differences in the erosion-induced soil organic carbon loss between undisturbed natural ecosystems and managed crop systems have also been demonstrated in several studies [West and Wali, 2002; Polyakov and Lal, 2004; Quinton et al., 2006] .
[ Cao et al. [2003] might have something to do with inclusion of a low productivity functional type of sandy shrubs (SSB) in grassland ecosystems, and the three years of severe drought in northern China from 1999 to 2001. The simulated NPP also agreed with our earlier calculation using climate data in the same region from 1986 to 1990 [Gao et al., 2000] . The simulated increasing trends in vegetation activities from the early 1980s in this study is also supported by several studies based on analyses of long-term satellite vegetation indices , mechanistic simulations , and inventory calculation . Our analyses revealed that NPP of all functional types had an increasing slope from 1981 to 1998 except for the forest FT (not shown in the tables), the NPP of which showed a decreasing trend with time. The changes in NPP of the functional types are largely a result of interplay between increased temperature and changes in precipitation. High temperature increases vegetation productivity only when water is sufficient with high precipitation. High temperature with low water supply, however, is disastrous for plants. Therefore, increasing temperature may bring about instability for arid and semiarid ecosystems, as concluded by Cao et al. [2003] .
[39] Soil erosion is shown in this study to increase regional NEP, because ECL directly removed substrates of heterotrophic respiration. The calculated average NEP for entire CCPB is 40.2 and 51.5 gC m À2 a À1 for scenarios without and with erosion calculation, respectively. However, the erosion-induced SOC loss of and reduction in heterotrophic respiration offset each other to render a much smaller difference in net ecosystem carbon balance between the two scenarios with and without erosion calculation. The simulated NECB of 7.7 gC m À2 a À1 for the period from 1981 to 2001 for the scenario with soil erosion is comparable to the calculated carbon sequestration rates of the northern United States of America (USA) from 1980 to 1993 with three renowned global ecosystem models [Schimel et al., 2000] , which gives average rates of around 10 gC m À2 a
for Midwest and Central grasslands in the USA (read from the charts in the paper) with similar climate and vegetation distribution to those of CCBP. The value of 7.7 gC m À2 a À1 in this study is also slightly higher than the estimation of net ecosystem carbon balance of 6.7 gC m À2 a À1 by Cao et al. [2003] for northern China. This research, however, gave a lateral carbon loss up to 11.0 gC m À2 a À1 by means of soil erosion, which can be a large source of carbon for aquatic ecosystems. The large lateral carbon loss also means significantly smaller local soil carbon efflux than the previous research because of the erosion-induced removal of SOC from the regional ecosystem. These calculations need to be validated by various experimental and observational techniques in the future. The climate shift in the late 1970s to early 1980s in China has been recognized in studies [Gong and Shi, 2001; Gong, 2002] , and this is also likely to be both a consequence of global [Cramer et al., 2001] events and rapid regional land use change during that period which feedback to climate [Chapin et al., 2002] . The regional ecosystem responded to the increases in temperature and precipitation by increasing its net primary production and net ecosystem carbon balance.
[40] In terms of offsetting global warming, the regional ecosystem of CCPB increased its carbon pools by 5.6 TgC a À1 during the period between 1981 and 2001, about 8.6% of the carbon sink capacity of vegetation in China , 2.7% of that in middle northern latitudes [Houghton, 2003b] , and 2.7% of that worldwide. However, NECB is simulated to decrease with time after , although not statistically significant because of the high inter-annual variability, largely due to the decreased precipitation and increased temperature during the period from 1981 to 2001.
[41] Because we used field measured leaf-photosynthesis and stomatal parameters in the regional ecosystem simulation model, we were able to connect leaf-scale ecophysiological characteristics of vegetation functional types to macro-scale regional ecosystem behavior. Our simulation results indicated that shrub lands are potential sinks of carbon in arid and semiarid ecosystems in the future with rising atmospheric temperature, because of their better drought resistance and capacity for water conservation [Polley et al., 1996; Grammatikopoulos, 1999; Reynolds et al., 1999b] . This is illustrated by comparison of minimum soil water potential (Y min ), which represents drought tolerance of the plants, among functional types in Table 2 . The two shrub FTs have the lowest Y min (À7.14 and À6.52 Mpa), thus the highest drought tolerance, while the crops and forest have the highest Y min (À3.14 and À3.58 Mpa, respectively) and hence the lowest drought tolerance. The grass FTs have Y min ranging from À5.34 to À5.94, hence showed moderate tolerance to drought. Shrubs have been reported to have gained popularity in the past century with many hypothetical explanations including global warming climatic changes [Neilson, 1986; Grover and Musick, 1990; Schlesinger et al., 1990; Reynolds et al., 1999a] . Grasslands, especially the meadow steppes in high latitudes, may also be large carbon sinks because of their increased net primary productivity with temperature [Parton et al., 1995] . Our analysis also indicates that agricultural crop lands can be potential carbon sinks with appropriate management of residual and soil [Lal, 2002b] . Sandy shrubs, a functional type within CCPB, showed less capacity as carbon sinks because of the limited nutrient supply in sandy soils [Oren et al., 2001] . By contrast, undisturbed forests in arid and semiarid ecosystems can be potential carbon sources because of their decreased primary productivity and increased heterotrophic respiration with rising temperature. Trees have been regarded as major carbon sinks because of their high productivity but low decomposition rates of woody tissues [Schimel et al., 2001; Houghton, 2003b] . But their large leaf area index often represents low water use efficiency and poor water conservation capacity, and hence less adaptation to arid and semiarid environments.
[42] The results reported in this article do not include the effects of episodic natural disturbances, such as fires, and anthropogenic managerial activities, such as livestock grazing and land use changes. These disturbances can affect the regional ecosystem by reducing/increasing net primary production and rates of nutrient and carbon cycling, and bring about changes in processes and carbon storage in soil. The large sink capacity of shrubs and grasses should be attenuated by the grazing and utilization that cause carbon loss. In CCPB, the dominant land use change over the past 100 years is the change from wild forests and grasslands into crop fields with the increasing residential population and economic demands. The trend is reversed by the recent efforts to combat desertification and land degradation. Problems with land use change and livestock grazing should be addressed in our next analysis for purposes of regional ecosystem management.
Summary
[43] This research attempted to quantify net carbon balance of various vegetation functional types within the crop-pasture transition region in northern China (CCPB) during the period from 1959 to 2001, by using a spatially explicit regional ecosystem model that simulates carbon assimilation by vegetation, litter, and soil carbon decomposition, and soil erosion-induced carbon loss. We used field measured ecophysiological data of major plants and longterm observations of community biomass within the region or close to it to test the model. The results of the simulation showed that soil erosion induced SOC loss in the undisturbed natural ecosystems is one order of magnitude smaller than that of the managed crops systems, lateral carbon loss by means of soil erosion may not significantly alter the regional net ecosystem carbon balance in arid and semiarid regions, but may decrease soil carbon efflux by transporting the SOC with sediments to aquatic ecosystems. The simulated average net ecosystem carbon balance of CCPB from 1981 to 2001 is 5.6 TgC a
À1
, which is 8.6% of the carbon sink capacity of vegetation in China. The simulation detected a significant shift in ecosystem processes in the early 1980s, indicated by increased net carbon fixation and the enhanced carbon sink capacity of vegetation and soils driven by rapid increases in atmospheric temperature. Shrub lands and meadow steppes in the north latitude of CCPB have been shown to have the greatest potential sink capacity because of their drought resistance or their location. Undisturbed natural forests in CCPB may become carbon sources because of their lower resistance to drought with increasing temperature and inadequate water supply. Regional ecosystem restoration within and in the neighborhood of CCPB may choose shrubs with better adaptation to droughts with increasing temperature to enhance carbon sink capacity, instead of the arbor species that have been widely used in ecosystem restoration in northern China over the past years.
